As the product of interspecific hybridization between its two ancestral octoploid (2n = 8x = 56) species (Fragaria chiloensis and F. virginiana), the cultivated strawberry (F. ×ananassa) is among the most genomically complex of crop plants, harboring subgenomic components derived from as many as four different diploid ancestors. To physically visualize the octoploids' subgenome composition(s), we launched molecular cytogenetic studies using genomic in situ hybridization (GISH), comparative GISH (cGISH), and rDNA-FISH techniques. First, GISH resolution in Fragaria was tested by using diploid and triploid hybrids with predetermined genome compositions. Then, observation of an octoploid genome was implemented by hybridizing chromosomes of pentaploid (2n = 5x = 35) hybrids from F. vesca × F. virginiana with genomic DNA probes derived from diploids (2n = 2x = 14) F. vesca and F. iinumae, which have been proposed by phylogenetic studies to be closely related to the octoploids yet highly divergent from each other. GISH and cGISH results indicated that octoploid-derived gametes (n = 4x = 28) carried seven chromosomes with hybridization affinities to F. vesca, while the remaining 21 chromosomes displayed varying affinities to F. iinumae, indicating differing degrees of subgenomic contribution to the octoploids by these two putatively ancestral diploids. Combined rDNA-FISH revealed severe 25S rDNA loss in both the F. vesca-and F. iinumae-like chromosome groups, while only the prior group retained its 5S loci.
Introduction
The cultivated strawberry (Fragaria ×ananassa) is a highly valued fruit crop species with a steadily increasing consumer demand (Folta and Davis 2006) , and the fruits are appreciated for their unique flavor and nutritious quali-ties. Having arisen from an interspecific hybridization between two ancestral octoploid (2n = 8x = 56) species F. chiloensis and F. virginiana about 250-300 years ago (Darrow 1966) , F. ×ananassa is among the most genomically complex of crop plants (Marx 2013) , harboring eight sets of chromosomes derived from as many as four different diploid ancestors (Davis et al. 2009 ). Establishing the identities of the diploid genome donors to the Fragaria octoploids has been of long-standing interest. Octoploid strawberry subgenomic ancestry and composition were initially studied by interspecific hybridizations and cytogenetic methods, from which various genomic composition models were proposed. These models have implied two or three distinctly different genome types (A type, B type, and C type), with further differentiation (e.g., A vs. A=) within one or more types (Fedorova 1946; Senanayake and Bringhurst 1967; Bringhurst 1990 ). Recent molecular phylogenetic studies utilizing DNA sequences of various nuclear gene loci and chloroplast genomes suggest a close relationship between the two ancestral octoploid species, the sequences of which cluster cladistically with those of diploids F. vesca and F. mandshurica, or F. iinumae Potter et al. 2000; Rousseau-Gueutin et al. 2009; Njuguna et al. 2013; DiMeglio et al. 2014) . A recent genome-scale sequence analysis and phylogenetic study not only confirmed the ancestral roles of F. vesca and F. iinumae, but also reported that one subgenome in the octoploids was F. vesca-like while the other three were F. iinumae-like (Tennessen et al. 2014) . Even more recently, Sargent et al. (2016) employed a linkage analysis of subgenome-specific "haploSNP" markers in octoploid F. ×ananassa to assign chromosome pairs to subgenomic categories, on which basis seven chromosome pairs could be definitely assigned to an F. vesca-like subgenome, seven pairs could be provisionally assigned to an F. iinumae-like subgenome, and 14 pairs could not be differentiated into two discrete sets or assigned to diploid ancestral sources.
Genomic in situ hybridization (GISH), a variant of the fluorescence in situ hybridization (FISH) technique, applies whole genomic probes in suppressive hybridizations to visualize individual genomes in interspecific hybrids (e.g., Arabidopsis, Ali et al. 2004 ) and allopolyploids (e.g., Musa, Osuji et al. 1997) . In Fragaria, the only GISH applications have been to a hybrid between diploid F. nilgerrensis and the cultivated strawberry (Ma et al. 2005) , and to F. ×ananassa 'Hokowase' (Nathewet and Yanagi 2014) . Our study was aimed at exploring the putative progenitor roles of F. vesca and F. iinumae in origins of the octoploids by cytological visualization of differentiated chromosome groups. In addition, building upon our previous work, which revealed a substantial loss of ribosomal DNA loci in the octoploid Fragaria species (Liu and Davis 2011) , we combined FISH and GISH examinations to further explore the fates of rDNA loci within subgenomic components of the octoploid genome.
The extremely small chromosome sizes and the high chromosome number in octoploid strawberries make molecular cytogenetic studies quite difficult. We utilized two strategies to facilitate our investigations. As an initial test of concept, we used a diploid interspecific hybrid and an allotriploid (2n = 3x = 21) species to test the feasibility and resolution of GISH and cGISH in Fragaria. Then, as a novel means of exploring octoploid subgenome composition, we constructed and studied pentaploid (2n = 5x = 35) hybrids, the genomes of which were composed of one F. vesca genome copy (n = x = 7) plus a gametic chromosome complement (n = 4x = 28) from a representative of the octoploid species F. virginiana (Davis et al. 2009; Poulsen 2010) . By virtue of their advantageously reduced number of chromosome sets, such pentaploid hybrids were intended to serve as convenient surrogates for the octoploid parent itself.
Materials and methods
Diploid species and accessions F. vesca 'Yellow wonder ', F. vesca 'Hawaii4', F. nilgerrensis (CFRA 1358) , F. viridis (CFRA 341), and F. iinumae (CFRA 1850) were used for construction of GISH probes, and F. vesca 'Hawaii4' was used for blocking. Accessions with CFRA prefixes were obtained from the National Clonal Germplasm Repository (NCGR), Corvallis, Oregon. Total genomic DNA was isolated from unexpanded leaf tissue using a modified CTAB protocol (Orcheski and Davis, 2010) . Probes were labeled with either DIG-11-dUTP or Biotin-11-dUTP by nick-translation reactions according to the label manufacturer's instructions (Roche Diagnostics, Ind., Indiana). For blocking, un-labeled genomic DNA was sheared down by autoclave and the final fragment size was between 100 to 300 bp. Cot-1 DNA of F. vesca 'Hawaii4' was prepared according to Zwick et al. (1997) .
Our GISH and cGISH investigations employed three types of hybrids: diploid interspecific hybrid 'YWx1358', which was developed by our laboratory from a cross between F. vesca 'Yellow Wonder' (as female) and F. nilgerrensis (CFRA 1358); triploid accession GS104 of the hybrid species F. ×bifera obtained from Guenter Staudt and thought to have arisen from the union of a reduced female gamete from F. vesca and an unreduced male gamete from F. viridis (Staudt et al. 2003) ; and two pentaploid hybrid individuals (5xH and 5xAJ) developed by our laboratory from a cross between F. vesca 'Hawaii4' as female and an octoploid intraspecific hybrid LB48, the parents of which were F. virginiana subsp. virginiana CFRA 1994 (local number L1) as female and F. virginiana subsp. glauca CFRA 1992 (local number BC6) as male (Davis et al. 2009; Poulsen 2010) .
The chromosome preparation followed Liu and Davis (2011) . GISH and cGISH employed the rDNA-FISH protocol described in that same work, except that the hybridization time was two days. In cGISH on the diploid hybrid 'YWx1358' and the pentaploid hybrid 5xH, the ratio between differentially labeled probes in each case was 1:1 and no blocking DNA was applied. In GISH on F. ×bifera, Cot-1 DNA of F. vesca 'Hawaii4' was used as a block to the F. viridis DNA probe in a block:probe ratio of 20:1. In GISH on the pentaploid 5xAJ, total genomic DNA of F. vesca 'Hawaii4' was used as a block to the F. iinumae DNA probe in a block:probe ratio of 30:1. Following the GISH experiment on 5xAJ, the same chromosome preparation was hybridized with 25S and 5S rDNA probes according to Liu and Davis (2011) .
Results
Our GISH exploration in strawberries started with diploid interspecific hybrid 'YWx1358'. When genomic DNAs of its two parents, F. vesca 'Yellow Wonder' and F. nilgerrensis (CFRA 1358), were differentially labeled and hybridized simultaneously to the hybrid's chromosomes in a cGISH procedure, seven chromosomes were highlighted in red by the F. vesca probe and the other seven in green by the F. nilgerrensis probe ( Fig. 1 ), in agreement with the expected subgenomic composition of this hybrid. The clear differentiation of the two contributing subgenomes in this diploid hybrid thus demonstrated the feasibility of cGISH analysis in strawberry accessions containing sufficiently divergent genomes.
To test the resolution of GISH between genomes with a closer relationship, we employed a triploid accession of F. ×bifera and performed GISH with F. viridis DNA as a probe and unlabeled F. vesca 'Hawaii4' Cot-1 DNA as a block. All chromosomes displayed signals with varying intensities, but none had complete and uniformly intense signal coverage ( Fig. 2a ). However, of the 21 chromosomes, 15 chromosomes could be distinguished on the basis of their stronger green signals, while the remaining six exhibited lower intensities and sparser distributions of signals (orange arrows in Fig. 2a ). In addition, among the former 15 chromosomes, six had particularly intense highlighting of distal zones (white arrows in Fig. 2a ). After GISH, we hybridized 25S and 5S rDNA FISH probes to the same chromosome preparation and identified nine 25S and three 5S rDNA sites ( Fig. 2b ) as reported previously for F. ×bifera accession GS104 (Liu and Davis 2011) . The six distally located zones that had displayed strong GISH signals were all found to be sites of 25S rDNA signals (white arrows in Fig. 2b ), suggesting that the 25S rDNA sequences in the F. viridis genome were still preferentially hybridized with F. viridis DNA in spite of the presence of much more F. vesca Cot-1 blocking DNA, which contains only highly repetitive DNA including rDNA sequences. Meanwhile, the three 25S rDNA loci in the F. vesca genome (Fig. 2b ) did not produce GISH highlighting zones, indicating that they had all been blocked by the homologous blocking DNA. Fifteen chromosomes showed significant GISH signals instead of the expected 14. A possible explaination for this discrepency is that the extra one may have been derived from F. vesca, as indicated by its 25S rDNA site (arrowhead in Fig. 2b ), which was blocked in GISH but showed up in the sequential FISH.
After the feasibilities of GISH and cGISH were evaluated in diploid and triploid hybrids with predetermined genome constitutions and found to be informative in the presence of higher genomic divergence, a similar approach was taken with our pentaploid hybrids. First, cGISH with a 1:1 ratio of probes of differentially labeled F. vesca 'Yellow Wonder' DNA and F. iinumae DNA was performed in pentaploid individual 5xH. As shown in Fig. 3 , 14 chromosomes were highlighted by the F. vesca probe in red color, while 21 showed green color in various degrees of brightness by the F. iinumae probe. Among the 14 chromosomes with predominantly red signals, seven are presumed to be those contributed to the pentaploid by its diploid, female parent, F. vesca 'Hawaii4'. On this basis the other seven red-colored chromosomes must have come from the octoploid paternal parent, F. virginiana LB48, by way of its gamete, and thus may constitute an F. vesca-like subgenomic set. Notably, the two putative sets of red-colored chromosomes differ in signal intensity, and we reasonably infer that the set with the brighter signals is that from F. vesca itself, given that the latter is the source of the respective probe, while the set with the lesser signal intensity is the F. vesca-like set contributed by F. virginiana. In making these groupings, we also took into account differences in single-color signal intensities (red versus greennot shown), whereas the displayed images integrate both probe color signals. However, we acknowledge that a definitive grouping of chromosomes into coherent sets of seven will require additional forms of discrimination, such as might be provided by chromosomespecific FISH signals.
Similarly, 21 chromosomes had predominantly green signals, indicating their greater affinities to the F. iinumae probe than to the F. vesca probe, and therefore suggesting their closer ancestral relationships to F. iinumae rather than to F. vesca. Various signal intensities among these chromosomes may be indicative of their differing phylogenetic distances from F. iinumae. The 21 chromosomes were further grouped into three sets based on the relative brightness of their signals (Figs. 3b and 3c ). The sets with the brightest green signals display the greatest af-finity with F. iinumae, while the set with the weakest signals displays the least.
In our previous work on identifying rDNA loci in strawberry genomes, we observed disproportionately low numbers of both 25S and 5S rDNA loci in octoploids compared to those in species at low ploidy levels (from diploids to tetraploids; Liu and Davis 2011). To identify possible patterns of subgenome-specific loss of rDNA loci in octoploid strawberries, we performed a GISH in a pentaploid individual 5xAJ followed by an rDNA-FISH analysis. In GISH, F. iinumae DNA was used as a probe (green signals) and unlabeled F. vesca 'Hawaii4' DNA as a block. Distinct green signals were seen on 21 chromosomes. This result was consistent with the prior cGISH examination in suggesting that up to three octoploid subgenomes have some affinity to F. iinumae. The other 14 chromosomes had just a few very localized green signals on the predominantly orange (DAPI-stained) background (Fig. 4a ), and these are presumed to correspond to the F. vesca and F. vesca-like genome sets identified in cGISH. In contrast to F. ×bifera, in which 25S rDNA loci in one genome were particularly highlighted by its parent's labeled whole-genomic DNA (Fig. 2a ), we did not observe any particularly highlighted chromosomal zones generated by prominent GISH signals in 5xAJ.
In a sequential FISH analysis of pentaploid 5xAJ, nine 25S and two 5S rDNA loci were observed (Fig. 4b) . Meanwhile, we also detected rDNA loci in LB48, which is the immediate parent of our pentaploid hybrids, and observed a consistent 25S rDNA locus number of 10 (data not shown). This locus number was the same as in the two F. virginiana parents of LB48 (Liu and Davis 2011) . Fragaria vesca 'Hawaii4' has been determined to have six 25S and two 5S rDNA loci (Liu and Davis 2011; Shulaev et al. 2011 ). Thus, we expected the pentaploids to have Fig. 2 . GISH and rDNA-FISH in Fragaria ×bifera triploid GS104. (a) GISH with F. viridis probe (green) and F. vesca 'Hawaii4' Cot-1 as block showed relative stronger signals on 15 chromosomes than the other six (orange arrows); six distal regions were intensely highlighted by F. viridis probe (white arrows); (b) A sequential FISH with 25S and 5S rDNA probes revealed nine 25S (red) and three 5S (green) rDNA loci. The white arrowhead points to a 25S rDNA locus that was not highlighted in GISH, indicating that this 25S rDNAbearing chromosome is derived from F. vesca but still has some hybridization to F. viridis probe in GISH. eight 25S and two 5S rDNA loci, of which five 25S and one 5S locus were derived from F. virginiana. Besides 5xAJ, we examined other pentaploid individuals and found that about a half of them did show eight 25S loci, while others showed nine as in 5xAJ (Liu et al. 2012) .
By putting together the GISH and the rDNA-FISH results on 5xAJ, we were able to assign five 25S rDNA loci to the group of 21 chromosomes with GISH signals generated by the F. iinumae DNA probe. The other four 25S and the two 5S loci were assigned to the chromosome group with the weakest GISH signals, which were presumed to be the F. vesca 'Hawaii4' and F. vesca-like genome copies. By subtracting the one 5S and three 25S loci expected in the F. vesca 'Hawaii4' subgenome copy, the remaining one 25S and one 5S rDNA loci were assigned to the octoploidderived, F. vesca-like genome in 5xAJ. Given that all the examined diploid species showed 25S rDNA locus numbers of two or three, and a consistent 5S locus number of one in a single genome copy (Liu and Davis 2011) , this result suggests that genomic loss of 25S rDNA loci has occurred both in F. vesca-and F. iinumae-like subgenome groups, while the latter group has also lost all of its 5S rDNA loci. 
Discussion
An early GISH application in strawberry was aimed at verification of an interspecific hybrid from a cross between diploid F. nilgerrensis and the cultivated octoploid F. ×ananassa (Ma et al. 2005) . In that pentaploid hybrid, the seven chromosomes derived from F. nilgerrensis were visually isolated by an F. nilgerrensis probe from the rest of the pentaploid's chromosomes. Our diploid hybrid 'YWx1358' also involved an F. nilgerrensis genome, which was differentiated from the F. vesca-derived genome by cGISH. In molecular phylogenetic studies (Rousseau-Gueutin et al. 2009; DiMeglio et al. 2014) , F. nilgerrensis alleles were located in a clade distant from those populated by alleles from F. vesca and the octoploids, indicating its relatively distant phylogenetic relationships to those species. The unambiguous genomic differentiation between F. nilgerrensis and both F. vesca and F. ×ananassa by our cGISH work and that of Ma et al. (2005) , also indicates their distant relationships. On this basis, F. nilgerrensis could be excluded from consideration as a possible diploid ancestor to the octoploids.
Compared to the distance between F. nilgerrensis and F. vesca, a lesser distance between F. viridis and F. vesca was suggested by two phylogenetic studies, involving the nuclear gene GBSSI-2 (Rousseau-Gueutin et al. 2009 ) and the chloroplast genome (Njuguna et al. 2013) , while F. nilgerrensis and F. viridis were diverged from F. vesca to similar extents in studies based on the nuclear genes ADH (DiMeglio et al. 2014 ) and DHAR (Rousseau-Gueutin et al. 2009 ). These molecular divergence patterns are at least partially congruent with our results, in which we observed decreased resolution of GISH in differentiating F. viridis and F. vesca genomes in triploid F. ×bifera, in contrast to the greater differentiation of F. nilgerrensis and F. vesca genomes in hybrid 'YWx1358'. Since we used Cot-1 DNA of F. vesca as a block, the reduced signal resolution may be partly because single-and low-copy DNA sequences were not blocked. Those few GISH signal sites in the F. vesca genome may indicate regions enriched with lowcopy sequences. A better resolution might be achieved if total genomic DNA is used as a block. Nevertheless, our GISH result in F. ×bifera may imply that it could be very difficult to separate any two strawberry genomes with a distance less than that between F. viridis and F. vesca by GISH, given that discriminating between more closely related genomes is more difficult than discriminating between more divergent genomes (Kato et al. 2005) .
Fragaria iinumae, like F. nilgerrensis, has been suggested by multiple phylogenetic studies to be highly divergent from F. vesca (Rousseau-Gueutin et al. 2009; Njuguna et al. 2013; DiMeglio et al. 2014; Tennessen et al. 2014 ). Therefore, GISH should be able to differentiate F. vesca-and F. iinumae-like subgenomes in the octoploids, which are suggested to contain genomes from both sources (Rousseau-Gueutin et al. 2009; DiMeglio et al. 2014; Tennessen et al. 2014 ). On the other hand, genomes other than these two in the octoploids may not be discriminated independently if they are too close to each other and (or) to either F. vesca or F. iinumae. The first assumption was confirmed by our GISH and cGISH results on the pentaploid hybrids. The results not only confirmed the existence of both F. vesca-and F. iinumae-like genomes in octoploid species F. virginiana, but they also quantified a gametic (n = 4x = 28) subgenome copy number ratio of 1:3 between the F. vesca-like genome group and the F. iinumaelike group. This result supports Tennessen et al. (2014) and Sargent et al. (2016) 's findings that there is only one pair of F. vesca-like genome copies in the studied octoploid accessions, based on differing types of evidence.
Recently, Nathewet and Yanagi (2014) reported their GISH attempts on F. ×ananassa using both mitotic and meiotic chromosomes and genomic DNAs of F. iinumae, F. vesca, and F. nipponica as probes. In their report, 35 mitotic chromosomes had signals when hybridized with F. iinumae DNA, while in separate assays 12-14 mitotic chromosomes had signals when hybridized with F. vesca DNA but only in telomeric regions of short arms, and "tip" regions of about five bivalents had signals with F. nipponica DNA. This outcome is similar to our results in many more chromosomes had affinity to F. iinumae DNA than to F. vesca DNA.
In the present study, the differing signal levels among chromosomes in the F. iinumae-like group as shown by cGISH indicate that there may be at least two types of "non-F. vesca-like" subgenome contributors to the origin of F. virginiana, but also that distinguishing among them may not be possible by GISH due to lack of sufficient divergence among them. Discovery of as yet unknown Fragaria diploid species may provide an opportunity to test this hypothesis.
Our previous work on chromosomal localization of ribosomal DNA in various polyploid strawberries indicated a severe reduction in locus numbers of both 25S and 5S rDNA in octoploids, in which sixteen to twentyfour 25S and eight 5S loci were expected as the 4x multiple of the numbers found in diploids, but only ten 25S and two 5S loci were actually identified (Liu and Davis 2011) . There we hypothesized that all 25S rDNA loci in F. iinumae-derived subgenome could have been lost. In the present study, we were able to assign rDNA loci to the differentiated F. vesca-and F. iinumae-like chromosome groups by combining rDNA-FISH and a GISH examination together, and we observed that both groups had some loss but also some retention of 25S rDNA loci, while only the F. vesca-like subgenome retained its 5S rDNA. Njuguna et al. (2013) suggested F. vesca subsp. bracteata as the most closely related genome to the F. vesca-like genome in octoploids. Fragaria vesca subsp. bracteata was observed to have six 25S rDNA loci (Liu and Davis 2011) . Also, most Asian diploid species were revealed with the same 25S rDNA locus number except for F. nilgerrensis and F. nipponica, which have four and five 25S loci, respectively. However, those two species were less likely to be involved in the origination of the octoploids as suggested by phylogenetic studies. Therefore, we assume that, in the absence of evolutionary loss of rDNA loci, the hypothetical "original" octoploid genome had twenty-four 25S loci and eight 5S loci, on which basis the presence of lower numbers of rDNA loci is the consequence of loss (Liu and Davis 2011) . On this basis, the F. vesca-like subgenome copies have evidently lost two-thirds of their 25S loci and retained both of their 5S loci, while the F. iinumae-like subgenome group has lost about half of its 25S loci and all of its 5S loci.
Among different pentaploid individuals, 25S rDNA locus numbers of eight and nine were observed. As eight was the expected locus number, the additional locus could have been recovered from a previously eliminated locus. Rho et al. (2012) reported twelve 45S rDNA loci in an F. ×ananassa variety. We did not study F. ×ananassa but found only ten 25S loci in both F. virginiana and F. chiloensis (Liu and Davis 2011) . In the diploid hybrid 'YWx1358', whose parents both showed four 25S loci, four 25S loci were unsurprisingly observed. However, their reciprocal hybrid '1358xYW' presented six 25S loci instead (data not shown). These interesting results lead us to speculate that hybridization events may somehow (in some cases) trigger a recovery of rDNA loci and this recovery may have some bias to the direction of crossing. There was a similar finding in a trigenomic allopolyploid Cardamine × schulzii, where Zozomova-Lihova et al. (2014) revealed novel rDNA loci that were suggested to be reinstalled by translocation of genes from partner genomes.
GISH patterns displayed a contrast between F. ×bifera and 5xAJ with respect to the illumination of rDNA loci. The rDNA loci in the F. viridis subgenomes of F. ×bifera were all detected as exceptionally bright, localized signals by F. viridis genomic DNA, while no exceptionally bright signals coinciding with detected rDNA loci were seen when F. iinumae DNA was hybridized to 5xAJ chromosomes. The detection of F. viridis rDNA loci in F. ×bifera implied that those rDNA loci still retained a high homology with those of F. viridis. The evident lack of homogenization of rDNA loci between subgenomes in F. ×bifera may suggest a recent arising of this hybrid species, or at least of the accession studied. Contrastingly, the case of 5xAJ may suggest that rDNA loci derived from F. iinumae and related ancestors have undergone homogenization between the F. vesca-and F. iinumae-like groups of F. virginiana, and they have diverged from the ones in extant F. iinumae. This could be supported by the work of Potter et al. (2000) , in which no homology of ITS was found between F. iinumae and any octoploids. Tennessen et al. (2014) suggested that extensive unidirectional introgression had converted F. iinumae-like subgenomes to be more F. vesca-like. Whether the homogenization of rDNA sequences was unidirectional among octoploid subgenomes is yet to be determined by future studies, which could also help us answer the question proposed previ-ously as whether a potential "recovery" of rDNA loci had a bias to the direction of crossing. When the complete genome composition of octoploid strawberries is defined, we would have a chance to explore any potential homogenization pathways of genes between subgenomes. Findings will open new insights to polyploid evolution and guide future breeding and genetic improvements of strawberries as well.
